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Thermodynamically, water oxidation takes place at 1.229 V at a Pt electrode versus a normal hydrogen electrode (NHE) [1] . The water reduction reaction in base is shown in Equation 2:
The standard reduction potential of water is -0.828 versus NHE.
Nonaqueous solvents have larger voltage windows than aqueous solvents as the potential window is mainly limited by the decomposition of the supporting electrolyte salt and not the electrolysis of the solvent itself [2] For acetonitrile with tetrabutylammonium tetra ‡uoroborate, the potential window extends from -1.8 V to +2.8 V at a platinum electrode versus. a standard calomel electrode (SCE). [3] For both types of solvents, it would be advantageous to extend the potential window, which could allow for analytes with redox potentials outside of the given potential ranges to be examined.
Temperature is one way the solvent window and the electrochemical processes can be controlled. The e¤ect of low temperature on the solvent window of dimethylformamide (DMF) was previously studied by Van Duyne and Reilley [4] .
At -79.15 C, there was a signi…cant expansion of the solvent window and decrease in capacitance, as shown in Figure 1 .
In addition to broadening the solvent potential window, peak splittings and di¤usion coe¢ cients were also examined and modeled. It was found that for a reversible heterogeneous electron transfer process, as the temperature decreased, the peak splitting also decreased as anticipated by theory [1, 4] . This is shown in Figure   2A .
Cyclic Voltammetry
Cyclic voltammetry (CV) is an electrochemical technique where current is measured as voltage is swept over a certain potential range. It is a technique that can provide information about the kinetics of electron transfer processes, the reversibility of a reaction, and information on the thermodynamics of the system. It is therefore a useful technique for studying the e¤ects of temperature on electrolyte solution electrolysis and electrochemical analytes (redox probes). Here, the experimental protocols are described.
Electrodes and Instrumentation
The electrochemical cell is a three electrode cell. All measurements were done by cyclic voltammetry.
Working Electrode
The working electrode was a CH Instruments, Inc., glassy carbon electrode (GCE) with a geometric area of 0.071 cm 2 . To ensure surface reproducibility of the electrode, a standard cleaning procedure was followed before each use. The electrode was manually polished on a polishing cloth with 1.0, 0.3, and 0.05 m alumina powder (Buehler) slurries, successively. The electrode was rinsed with deionized water between each grit and prior to each use.
Counter and Reference Electrodes
The counter electrode was a high surface area platinum mesh. It was cleaned by soaking in concentrated nitric acid for …ve minutes and rinsing with deionized water.
Two di¤erent reference electrodes were used. A saturated calomel electrode (SCE) was used for the aqueous solution and a silver wire quasireference electrode served for the nonaqueous measurements. The SCE was cleaned with deionized water and 6 dried with a Kimwipe. The silver quasireference electrode was cleaned by soaking in nitric acid for …ve minutes and rinsed with deionized water, and then acetonitrile.
Voltammetry
A CHI 760B potentiostat was used for all cyclic voltammetric data. The voltammograms were collected at scan rates varying from 10 to 500 mV/s. Scans were performed in sets of three, in a randomized order to identify any time dependent degradation in electrode performance.
Temperature Control
Solution temperature was controlled by a Netlab RTE 17 Refrigerated Bath (Thermo Electron Con…guration) connected to a water jacketed vessel. The setup is shown in Figure. solution is orange and contained within the jacketed cell. The temperature of the cell is controlled by ‡ow of heated or cooled water that enters and exits the jacket volume through the Tygon tubing on the right front of the photo. The three connections to the electrodes are visible at the top of the cell. 
Aqueous Solvent
The aqueous solvent is water with 0.1 M HNO 3 .
Scan Rate Studies
Cyclic voltammetry of 2:0 mM tris(bypyridine)ruthenium(II) chloride in 0.1 M HNO 3 was done with scan rates from 10 to 500 mV/s. The electroactive cation is
A representative voltammetric result is shown in Figure 4 . Peak current increases with increasing scan rate.
Di¤usion Coe¢ cient of Ru(bpy) 2+
3 Ru(bpy) 2+ 3 is known to undergo reversible (rapid) heterogeneous electron transfer in aqueous electrolyte at room temperature. For a reversible electron transfer, the scan rate of cyclic voltammetry is su¢ ciently slow that the electron transfer at the electrode solution interface is relatively fast and A reversible and di¤usion driven electron process is described by the Randles-Sevcik equation [1] :
i p = 0:4463( Figure 5 .
The di¤usion coe¢ cients for [Ru(bpy) 3 ] 2+ were evaluated at temperatures of 5 C to 50 C from the slope of the plot of the anodic peak current versus the square root of the scan rate. The di¤usion coe¢ cient at 70 C could not be calculated due to ill-de…ned peak currents. The calculated di¤usion coe¢ cients are shown in Table 6 .
As the temperature increases, the di¤usion coe¢ cient also increases. This is likely due to decreased viscosity at higher temperatures [3] , and this result agrees with data from literature [5] .
Di¤usion is an activated process, such that the di¤usion coe¢ cient is described by an Arrhenius relationship. 
A plot of ln D (T ) versus 1=T is shown in Figure ? ?. The regression line is y = ( 2:4x10 3 05:8x10 2 )x + ( 4:2 2:0) with R 2 = 0:893. From the slope, E A =R, the activation energy for di¤usion is 19.5 kJ/mol.
Peak Splitting
Peak splitting ( E p ) is de…ned as the absolute value of the peak voltage of the anodic process minus the peak voltage of the cathodic process, E p = E a p E c p .
For a reversible, one electron transfer process at 25 C,the ideal peak splitting is 57 mV. Nicholson and Shain [6] report the peak potential E p relative to the half wave 
Because E 1=2 is the same for both the oxidized and reduced forms, the peak splitting is E p = 2 (1:109 0:002) RT nF = (2:218 0:004) RT nF (
The average peak splitting values at a scan rate of 50 mV/s are shown in Figure 7 .
There is a general trend of increased peak splitting with increase in temperature as a function of the scan rate, with the exception of results with a scan rate of 200 mV/s. This may be caused by the inherent imprecision in measuring the peak currents from the charging current, particularly for the reverse wave [1] .
Solvent Window
The solvent window encompasses the range of potentials where useful faradaic measurements can be made. The onset of solvent or electrolyte electrolysis establishes the solvent potential window. Because the solvent and electrolyte are typically at concentrations many fold higher than the probe, the electrolysis current for the solvent and electrolyte will overwhelm the probe faradaic current.
The solvent window was evaluated cyclic voltammetrically. An overlay of cyclic voltammograms at di¤erent temperatures with a scan rate of 10 mV/s is shown in Figure 8 .
From Figure 8 , it can be seen that the voltammograms at 0 and 10 C have an extended voltage window, while the voltammograms collected at 50 and 70
C have a narrower working voltage window compared to the room temperature voltammogram. This trend held among all conducted scan rates. It should be noted that although the solvent limits changed, the [Ru(bpy) 3 ] 2+ peak potentials remained relatively unchanged, indicating this is not due to a shift in the reference electrode's potential due to the temperature.
The anodic potential limit was de…ned as the potential with a corresponding current of twice [Ru(bpy) 3 ] 2+ 's anodic peak current. The cathodic potential was de…ned as the potential at which the current was twice the value of [Ru(bpy) 3 ] 2+ 's Table 2 . Figures 9 and 10 give examples of the e¤ect of temperature on the solvent window. The anodic limit and the cathodic limit were both extended with decreased temperature. The change in the cathodic potential limit was more apparent.
Rate Constants
Heterogeneous electron transfer rates were evaluated as functions of temperature and scan rate for the two probes.
Rate Constants for Ru(bpy) 2+
3
Standard heterogeneous electron transfer rate constants, k 0 , are determine from the peak splitting E p as a function of scan rate v with the method of Nicholson [1, 7] . The rate of the electron transfer at the electrode solution interface is potential dependent and de…ned for the reduction and oxidation as
where is the transfer coe¢ cient. A measure of the symmetry of the electron transfer barrier, 0 1 where typically is about 0.5. When E = E 0 0 , k red (E) = k ox (E) = k 0 (cm/s). Nicholson tabulated a parameter as a function of E p is in mV and D O is temperature dependent and determined above, Table 1 .
One criteria for reversible heterogeneous electron transfer was established by Matsuda and Ayabe [1] for linear sweep voltammetry is 15. From is the criteria for reversibility and k 0 =v 1=2 is 0.034 and 0.020 for 200 and 500 mV/s respectively. Consideration of resistance e¤ects on the peak splitting did not increase the measured k 0 into the reversible range. It is notable that Ru(bpy) 2+ 3 sustains rapid heterogeneous electron transfer rates down to temperatures of 5 C except for the two highest scan rates. 21
Rate Constants for Water Oxidation and Reduction
The extended voltage window at lower temperatures can be attributed to the decreased rate constants of water oxidation and reduction at lower temperatures.
To calculate the rate constant of water oxidation, a potential of 1.3 V was chosen as the location to gather current output. This voltage was far enough into the oxidation for all temperatures that it is assumed that the current is only due to the oxidation of water. The rate constants for water oxidation versus temperature collected at a scan rate of 100 mV/s are shown in Figure 12 For the water reduction rate constants, a potential of -1.0 V was selected for collecting the current. With the values of current, the rate constant was calculated by Equation 13
.
Plots of k (E) c solvent are shown in Figures 11 and 12 for the reduction and oxidation respectively.
Because k (E) is expected to be an activated process, Arrhenius plots of ln(k) versus 1=T were constructed. They are shown in Figures 13 and 14 . Both the reduction and oxidation of water displayed linearity with 1=T . The slope yields the activation energy for electrolyte electrolysis, E A =R. From this, the calculated value of the activation energy for the oxidation of water is 28.4 kJ/mol, and the value of the activation energy for the reduction of water is 7.80 kJ/mol Calculated values of the rate constants for the oxidation and reduction of water are shown in Table   3 . The rate constants for the oxidation and reduction increased as the temperature increased. water oxidation (cm/s) water reduction (cm/s) 5 9.15 x 10 10 2.28 x 10 10 10 8.58 x 10 10 3.10 x 10 9 25 1.54 x 10 9 2.83 x 10 9 50 3.67 x 10 9 6.87 x 10 9 70 9.01 x 10 9 1.04 x 10 8
Nonaqueous Solvent
The nonaqueous solvent is acetonitrile. Acetonitrile (H 3 CCN) has a liquid range from -45 to +82 C and a dielectric constant of 38.8.
Scan Rate Studies
Cyclic voltammetry of 2.0 mM ferrocene with 0.1 M TBABF 4 in acetonitrile was performed with scan rates from 10 to 500 mV/s. A representative result is shown in Figure 15 .As expected from ferrocene, which has a reversible electron transfer, the peak currents increased with increased scan rate.
Di¤usion Coe¢ cient of Ferrocene
The di¤usion coe¢ cients were calculated for each temperature from the slope of the forward peak current i p versus the square root of the scan rate, p v All temperatures had a linear relationship between i p and p v and E p was invariant with v, as shown in Figure 15 , consistent with a reversible (rapid) heterogeneous electron transfer rate. A representative plot is shown in Figure 16 . The calculated values of ferrocene di¤usion coe¢ cient are given in Table 4 . As with the di¤usion 
Peak Splitting
Peak splittings for ferrocene are shown in Figure 18 . For scan rates 10 mV/s to 100 mV/s, peak splitting decreased linearly with decreased temperature. The regression analysis is given in Table 5 .
Solvent Window
In contrast to the nitric acid solution, there was not an obvious extension of the solvent window for acetonitrile at lower temperatures. The results are shown in Figure 19 .The oxidation potential limits are the same for 5 C to 25 C:The 
CONCLUSIONS
The e¤ect of temperature on the solvent window was examined in nitric acid and in acetonitrile. It was determined that aqueous solutions are more susceptible to expansion of the solvent window at lower temperatures. The aqueous potential window changed from 2.317 V at 70 C to 2.718 V at 5 C when examined with a scan rate of 100 mV/s. In addition to the e¤ect of temperature on the available potential range, the temperature in ‡uenced the di¤usion coe¢ cients of the analytes, the rate constants of the analytes, the standard rate constants of the water oxidation and reduction reactions, and the peak splitting of the analyte.
The analytes' di¤usion coe¢ cients increased with increased temperature for both the aqueous and nonaqueous solutions. [Ru(bpy) 3 ] 2+ 's di¤usion coe¢ cients went from 2:63 x 10 6 cm 2 /s at 5 C to 9.23 x 10 6 cm 2 /s at 70 C. Ferrocene's di¤usion coe¢ cients did not increase to the same extent. The di¤usion coe¢ cients increased from 2:39 x 10 5 cm 2 /s at 5 C to 3.01 x 10 5 cm 2 /s at 70 C. The peak splitting also increased with increased temperature, and the results in aqueous and nonaqueous solutions were comparable. At a scan rate of 100 mV/s, [Ru(bpy) 3 ] 2+ 's peak splitting increased from 67.5 mV at 5 C to 77.4 mV at 70 C, while ferrocene's peak splitting went from 82.0 mV at 5 C to 92.0 mV at 70 C.
It was also seen that rate constants decreased with decreased temperature for [Ru(bpy) 3 ] 2+ and ferrocene. Overall, there was a greater temperature e¤ect on the aqueous solution. It is expected that the lowered standard rate constants of 34 the water oxidation and reduction reactions contributed to the expanded aqueous solvent window.
CHAPTER 5 FUTURE WORK
First, acetonitrile should be further studied to see if they same behavior that was seen here is reproducible. To determine if the abrupt solvent limit on the reduction wave is due to acetonitrile or to the electrolyte, tetrabutylammonium tetra ‡uoroborate, the experiments should be repeated with a di¤erent electrolyte.
A limited temperature range was examined in this work. For future experiments, lower temperatures approaching the freezing point should be explored to see if the potential window can be extended even more, and to discover if there is a limit to the usefulness of lowering the temperature. Also, examining a larger variety of solvents, aqueous and nonaqueous, would help to understand the e¤ects and di¤erences in the responses to the applied temperatures.
In this study, only reversible redox species were investigated. Examining quasiand irreversible redox species should also be considered.
